The causes of much of human cancer remain obscure. The 633-637 (1996) 
s.venitt@icr.ac.uk without cultivation or labour"; and "produced, developed, or coming into existence by natural processes or changes." It is beyond dispute that much of human cancer is not spontaneous as defined above but is caused by exogenous agents or is selfinflicted by habits such as smoking and drinking alcoholic beverages or results from germ-line mutations in critical genes. (I shall not attempt to grapple with the question as to whether such mutations are themselves spontaneous, and the cancers that result are also spontaneous.) Such knowledge has been gained by studying differences in cancer incidence and mortality among different settled communities and between migrants and those who stay behind. Variation with time in cancer incidence and mortality within communities and the identification of specific causes or preventive factors have also contributed to our present knowledge of the causes of cancer (2) . Moving from cause to mechanism has been made possible by remarkable advances in the molecular biology and genetics of cancer, and it is probable that the key events in carcinogenesis will be understood at the molecular level within the lifetime of a graduate student just embarking on a career in cancer research. Nevertheless, as things stand, the causes of much of human cancer remain obscure. The proportion that is truly spontaneous (and therefore unavoidable) is unknown and cannot be calculated unless and until all known external and genetic causes have been accounted for.
Avoidable Cancer
There is substantial evidence that a major proportion (perhaps about 80%) of human cancer could be avoided by reducing or eliminating tobacco consumption; by changes in diet and nutrition; by reducing infection with certain viruses, bacteria, and parasitic worms; and, especially for whiteskinned populations, by avoiding sunburn. Consumption of alcoholic beverages, certain aspects of sexual and reproductive behavior, and occupational and medical exposure to carcinogens also contribute to the cancer burden ( Figure 1 ) (2). Poverty and wealth must also be taken into account when discussing the causes of cancer because there is impressive evidence that some cancers occur more frequently in poor communities and that others are more frequent among the rich (3) (see Figure 2 for some examples). Those cancers that cannot be attributed to these causes and for which no other causes can be found could be considered spontaneous and to arise from endogenous processes. There is circumstantial evidence that the mechanisms that provoke what are thought of as spontaneous cancers appear to be the same as or similar to those that underlie cancers caused by exogenous agents. Figure  3 depicts one such piece of evidence, which is based on the analysis of the age distribution of lung cancer in smokers and nonsmokers by Doll (6) . He showed that the excess rate of annual lung cancer incidence among regular smokers, which depends strongly on the duration of smoking, can be distinguished from the background rate derived from the incidence of lung cancer of slopes could also be construed as indirect evidence that exogenous carcinogensin this case tobacco smoke-enhance or intensify aberrant biological processes that occur spontaneously. Examination of the relationship between incidence and age in I populations at high and low risk of partic-40 60 80 ular cancers adds support for this contention, if we assume that the cancers in low-risk populations are more likely to be spontaneous than those in the high-risk population. Some examples of this approach are shown in Figure 4 . In each case, the age-incidence curve in the low- 
Spontaneous Cancer Arises from Spontaneous Mutation
Accepting that an accumulation of somatic mutations, however provoked, can initiate and sustain carcinogenesis, there will always be a background incidence for any given cancer because spontaneous mutation is inescapable, given the inherent chemical instability of DNA, the prodigiously large target that it presents to mutagens, the number of times it has to replicate, and the less-than-perfect defenses that have evolved to protect its integrity as a self-replicating carrier of information. It could be argued that cancer is indeed an inevitable by-product of evolution because mutation is the driving force of evolution, and without evolution there would be no life-forms for cancer to happen to. It is reasonable to propose, therefore, that spontaneous cancer arises from spontaneous mutation (oncodeme 1). Other factors could contribute; for example, a spontaneous increase in the rate of cell division might increase the probability of conversion of a endogenously generated promutagenic lesion into a mutation. 
Endogenous Processes that Lead to Mutation
Lindahl (16) has reviewed the various chemical and enzymatic processes that may account for spontaneous mutation. These include spontaneous depurination and depyrimidation of DNA in the aqueous milieu of the cell, mismatch and proofreading errors during DNA replication, and deamination of 5-methylcytosine at CpG dinucleotides to produce C to T base pair substitutions (see Table 1 ).
Deamination of 5-Methylcytosine Acs as an Endogenous Mutagen
In about 99% of the mammalian genome, CpG dinucleotides are underrepresented by about one-quarter of the proportion expected from the observed frequency of C and G in the DNA. There is a corresponding overabundance of TpG and CpA dinucleotides. This depletion of CpG dinucleotides in mammalian genomes is thought to result from the readiness of 5-methylcytosine (5mG) to undergo oxidative deamination at the exocyclic amino group to form thymine, which, being a normal base, is not readily recognized by repair enzymes; this results in mutations, in particular, the 5mC -T transition (CpG -> TpG Figure 5 . In the germ line and in colorectal cancer, the majority of p53 mutations are G --A and C -> T transitions that occur predominantly at CpG dinucleotides (17, 19 thought to represent mutations arising spontaneously. In lung cancer, however, there is a marked reduction in the proportion of such mutations, concomitant with an increase in the proportion of G -> T transversions, such that these predominate. This is consistent with the action of exogenous carcinogens present in tobacco smoke, which cause G -* T transversions. Breast cancer is an interesting case: the spectrum of mutations is intermediate between that for colorectal cancer and that for lung cancer. This implies that an environmental agent or agents could be responsible for a proportion of human breast cancer (17) . Given that deamination of 5-methylcytosine to thymine appears to be a powerful source of endogenous mutation, it is interesting to note that all 46 CpG sites on both strands in exons 5 to 8 of the p53 gene are methylated and that methylation is independent of tissue type (20) .
Oxidative Damage, Defects in Detoxification, and DNA Repair
Other events that could produce spontaneous mutations include insults to DNA and its replication imposed by products of metabolism, the most notable being oxidative DNA damage caused by oxygen free radicals produced by normal aerobic metabolism (16, 21) . Deficiencies in those mechanisms that have evolved to protect cells against genetic accidents may also contribute to spontaneous mutation. These include defective DNA excision-repair, low levels of antioxidants and antioxidant enzymes (e.g., superoxide dismutase), low levels of nucleophiles (e.g., glutathione) that trap DNA-reactive electrophiles, and defects in enzymes (e.g., glutathione Stransferase) that conjugate nucleophiles with DNA-damaging electrophiles (16) . Suboptimal concentrations of substrates (e.g., S-adenosylmethionine) that are involved in biomethylation of DNA might also contribute to spontaneous mutation (22) . The mechanisms that operate in these three categories are all under genetic control. Thus, germ-line mutations or polymorphisms of genes that govern them may also contribute to spontaneous cancer.
